I
nvasive treatment of patients with obstructive jaundice is associated with an increased risk of death and postoperative complications, with morbidity rates of about 30% (1, 2) . A considerable number of these complications has a Gramnegative septic origin and is paralleled by an endotoxemia (3, 4) . Persistent systemic inflammatory complications after surgical treatment of obstructive jaundice are thought to result at least in part from this endotoxemia (5), the physiologic consequences of which are mediated by inflammatory cytokines, such as tumor necrosis factor (TNF)-␣ and interleukin (IL)-6 (6). Ingestion of bile salts or oral supplementation with bile reduced endotoxemia in such patients (7) . Furthermore, feeding of both cirrhotic rats and rats with bile duct ligation with conjugated bile salts reduced both bacterial translocation and endotoxemia (8, 9) .
Etiological factors considered to be important for the development of endotoxemia are an impaired intestinal barrier (10) with a consequently elevated translocation of bacteria and endotoxins from the gut lumen (4, 11, 12) . Furthermore, the reduction of bile flow may lead to an impaired ability of Kupffer cells to clear portal blood from endotoxins, leading to a spillover of these bacterial toxins into the systemic circulation (13, 14) .
Although endotoxemia and elevated cytokine concentrations were demonstrated in some studies with patients (4, 15) , the main source of data on pathophysiological consequences of obstructive jaundice is from animal experiments. In these experiments, organs affected by obstructive jaundice, namely the liver and the intestine, interact closely; therefore, an impaired barrier function of the gut might also result from liver dysfunction (13) . Furthermore, the effects of obstructive jaundice differ between animals and humans with respect to blood concentrations of both endotoxins and cytokines (15) .
The working hypothesis of the present study was that bile components such as conjugated primary bile salts (CPBS) and phosphatidylcholine, per se, can reduce the transmigration of endotoxins through a layer of human intestinal epithelial cells (IEC), the functionality of which is not affected by liver malfunction. For this purpose, we used a coculture model that was previously established in our department (16, 17) . In this model, a layer of differentiated IEC (Caco-2 cells) separated an apical compartment (luminal side) from a basolateral one (blood side). As a standard stimulus, nonpathogenic, Gram-negative bacteria (Escherichia coli) were applied apically. To reflect the detrimental interaction between 1) permeation of immunostimulating bacterial toxins, 2) stimulation of immunocompetent cells with the consequent shedding of proinflammatory cytokines (such as TNF-␣ and IL-8) (18) , and 3) an increased permeability being induced by these cytokines, we added basolaterally mononuclear leukocytes from peripheral venous blood (peripheral blood mononuclear cells, PBMC).
MATERIALS AND METHODS
Human Intestinal Epithelial Cells. Cells of the human intestinal cell line Caco-2 (1 ϫ 10 6 ; DSM Acc. No. 169, Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) were sown on semipermeable inserts in tissue culture plates (both from Becton Dickinson, Heidelberg, Germany) and cultured for 14 -16 days in Dulbecco modified Eagle medium high glucose supplemented with L-glutamine, nonessential amino acids (PAA, Cölbe, Germany), and 17% pyrogen-free fetal calf serum (Biochrom, Berlin, Germany). Only Caco-2 layers with a transepithelial electrical resistance (TEER; Millicell-ERS, Millipore, Eschborn, Germany) higher than 380 ⍀·cm 2 were used for experiments. The study was considered by the local ethics committee to be exempt from approval.
Mononuclear Leukocytes/Bacteria Cultivation. Mononuclear cells (PBMC: ‫%47ف‬ lymphocytes, ‫%51ف‬ monocytes, ‫%9ف‬ natural killer cells, Ͻ2% neutrophils) (19) were isolated from peripheral venous blood (Dr. Luz, Institute of Blood Transfusion Medicine, Katharinenhospital, Stuttgart, Germany) of eight healthy men (age, 44.0 Ϯ 2.6 yrs) by density gradient centrifugation, as described previously (17) . The nonpathogenic, commensal strain E. coli K12 was cultured for two subsequent breeding periods (12 hrs and 24 hrs) in liquid Luria broth (1% tryptone: Oxoid, Wesel, Germany; 0.5% yeast extract: Difco, Heidelberg, Germany; 0.5% NaCl). Gentamicin (120 g/mL; GIBCO BRL/Life Technologies, Grand Island, NY) was added to all apical media to arrest growth of E. coli.
Cocultivation of Enterocytes, Leukocytes, and Bacteria. Cocultivation of differentiated, polarized IEC (Caco-2 cells) and leukocytes was performed as described previously (17) . Briefly, 4 ϫ 10 6 PBMC in 2 mL of completed Dulbecco modified Eagle medium with gentamicin (20 g/mL) were contained in the basolateral compartment beneath the inserts with the differentiated and confluent enterocyte layer. The apical compartment contained either 2 mL of completed Dulbecco modified Eagle medium (negative control) or it was spiked with E. coli (2 ϫ 10 7 colony-forming units, positive control). In further experimental settings, CPBS (0.5 mM or 1.5 mM), CPBS (1.5 mM) together with purified phosphatidylcholine (0.375 mM L-␣-phosphatidylcholine) from egg yolk (Sigma, Taufkirchen, Germany), or human bile (0.5% vol/vol) were added apically. Human bile was obtained from nine human volunteers receiving a cholecystectomy due to bile stones in the bile duct. Patients gave informed consent on offering their bile for the experiments. The applied CPBS, glycocholic acid, taurocholic acid, glycochenodeoxycholic acid, and taurochenodeoxycholic acid, were provided by Dr. Teuschel (Falk Pharma, Freiburg, Germany). According to the average composition of human bile (20, 21) , the molar concentration ratio of the glycine conjugates to those of taurine was 4:1, whereas that of cholic acid to chenodeoxycholic acid was 1:1. All incubations lasted for 24 hrs. Viability of both cell types was determined to be Ն94% in the presence of all compounds applied (trypan blue exclusion test).
Release of Cytokines. To assess stimulation of leukocytes, the basolateral concentrations of TNF-␣ and IL-6 were measured after 12 and 24 hrs, respectively. IL-8 and IL-10 were determined after 24 hrs (17) . All cytokine concentrations were measured with OptEIA enzyme-linked immunosorbent assay sets (BD Pharmingen, Heidelberg, Germany) following the instruction of the manufacturer.
Concentration and Permeability of Endotoxin. The concentration of endotoxin was measured with a chromogenic limulus amebocyte lysate test (Endochrome-K, Charles River, Charleston, SC) using isolated endotoxin from E. coli K12 (22) . Purity of the extracted endotoxins was verified by electrophoresis (23) . As also shown previously (24) , CPBS at concentrations applied in the current study did not interact with the limulus amebocyte lysate test (data not shown).
Permeability of Polar Macromolecules. To investigate whether the treatment of IEC was associated with changes in paracellular permeability for polar soluble macromolecules, we applied a FITC-labeled dextran (Mr 4400, 1 mg/mL, Sigma) to the apical compartment. The relative permeability of this macromolecule was calculated from the concentration in the basolateral compartment after 24 hrs (Fluorstar, SLT, Freiburg, Germany).
High-Performance Liquid Chromatography Analysis of CPBS. CPBS were analyzed by applying slightly modified methods previously described (25, 26) . Before extraction of CPBS, 60 L of an internal standard solution Detection of Micelles Formed by CPBS. The (hydrodynamic) diameter of micelles was measured by dynamic light scattering with the particle size analyzer HPPS 3.1 from Malvern Instruments (Worcestershire, UK) (n ϭ 8) and calculated by algorithms included in the software package ALV-NIBS/HPPS V.3.0.0.13, which are based on the Stokes-Einstein relation.
Fluorescence Resonance Energy Transmission. To investigate whether endotoxin (FITC-labeled) incorporates into micelles formed by CPBS, a probe for fluorescence resonance energy transfer (octadecyl rhodamine B chloride, Invitrogen, Karlsruhe, Germany) was applied. This compound showed its suitability to identify colocalization with fluorescein-labeled constructs in previous experiments (27) . Florescence spectra (excitation, 492 nm [excitation maximum of FITC endotoxin]; emission, 500 -640 nm) were recorded for solutions of FITC-labeled endotoxin of E. coli O55:B5 (3 g/mL, 3 g FITC/mg endotoxin; Sigma) in phosphate-buffered saline alone, together with octadecyl rhodamine B (8.5 g/mL in dimethyl sulfoxide), and after addition of 0.5 mol/L and 1.5 mmol/L CPBS. Neither dimethyl sulfoxide nor CPBS affected the fluorescence spectra (excitation, 554 nm) of octadecyl rhodamine B solutions in the absence of FITC-labeled endotoxin (data not shown).
Immunomodulating Effect of CPBS and Phosphatidylcholine on LipopolysaccharideStimulated PBMC. In microtiter plates with 96 wells, 1.0 ϫ 10 5 PBMC (n ϭ 8) were stimulated directly with 200 pg/mL lipopolysaccharide isolated from E. coli K12 (as described above) in a total of 240 L of completed medium. Final total concentrations between 2.1 and 1500 mol/L CPBS were added to the medium. In separate experiments, the addition of phosphatidylcholine (2.5-600 mol/L) on the release of TNF-␣ was investigated. The TNF-␣ concentration after 12 hrs was mea-sured by an enzyme-linked immunosorbent assay method as described above.
Statistics. All values are given as mean Ϯ SEM. One-way analyses of variance with the consequent post hoc test of Tukey were applied for the determination significance levels. Progressively, the differences were considered as significant if the p value was Ͻ.05. Coefficients and significance of correlations between the concentrations of endotoxin and cytokines were calculated with the nonparametric test of Spearman.
RESULTS

Permeability of Endotoxin and Dextran Mr 4400 Through the IEC Layer.
After 6 hrs, about 0.007% (0.14% at 24 hrs) of the endotoxin content in the apical medium (1.4 Ϯ 0.4 g/mL) permeated through the enterocyte layer. Addition of CPBS to the apical medium pronouncedly reduced the permeability of endotoxin through the enterocyte layer both after 6 hrs and 24 hrs (Fig. 1) . Although moderately lower, the permeability of endotoxin after 24 hrs was not further reduced by phosphatidylcholine addition compared with experiments with the addition of CPBA only. Human bile also reduced significantly the transmigration of endotoxin through the IEC layer, comparable with the effect of 0.5 mM CPBS. In contrast to endotoxin, the permeability of dextran was not affected by the addition of CPBS, phosphatidylcholine, or bile. After 24 hrs, the relative permeability ranged between 0.9% Ϯ 0.3% (positive control) and 1.3% Ϯ 0.4% (1.5 mmol/L CPBS). With respect to dextran Mr 4400 permeability, analysis of variance revealed no significant differences among the single-treatment groups.
Release of Cytokines in the Basolateral Compartment of the Coculture. The addition of E. coli K12 to the apical compartment of the coculture model resulted in a pronounced and highly significant increase of all cytokines measured. The average concentration of TNF-␣ and IL-6 increased about 100-fold, that of IL-8 increased about 13-fold, and that of IL-10 was about 50-fold higher ( Table 1) .
Supplementation of the apical medium with CPBS induced a dose-dependent and significant reduction of concentration of TNF-␣ (12 hrs) and IL-10 (24 hrs) (Fig. 2) . At a concentration of 1.5 mmol/L, the basolateral production of IL-6 (12 hrs) and IL-8 (24 hrs) was also reduced by apical CPBS addition, but to a lesser extent. Phosphatidylcholine supplementation to the apical medium containing 1.5 mM CPBS reduced the TNF-␣ concentration (Fig. 2) nearly to the level of the nonstimulated control (Table 1) . A significant but less pronounced reduction in cytokine production in experiments with phosphatidylcholine was also measured for IL-8, IL-10, and IL-6 (Fig. 2) . Human bile (0.5%) also significantly reduced the production of TNF-␣ and IL-10 to an extent comparable with the 0.5 mM CPBS supplementation (Fig. 2) . The basolateral concentration of permeated endotoxin correlated closely with the amount of produced TNF-␣ (Fig. 3) 
Transport of CPBS Through the IEC Layer.
In experiments in which CPBS were supplemented to the apical medium, the basal concentrations of glycine conjugates (glycocholic acid and glycochenodeoxycholic acid) were about four-fold higher than those of the taurine conjugates (taurocholic acid and taurochenodeoxycholic acid), which paralleled the apically applied ratio of these compounds (Fig. 4) . After 6 hrs of incubation, the concentration of CPBS in the basolateral compartment was below the detection limit (Ͻ5 mol/L). After 24 hrs, about 20% of the apically applied CPBS were detected in the basolateral medium. The relative transport of the CPBS did not differ significantly either with respect to the absolute apical concentration or with respect to their chemical composition.
As measured with high-performance liquid chromatography, the pooled human bile contained 7.2 mM taurocholic acid (final concentration in the apical medium, 0.036 mM), 8.7 mM (0.044 mM) taurochenodeoxycholic acid, 15.6 mM (0.078 mM) glycocholic acid, and 15.8 mM (0.079 mM) glycochenodeoxycholic acid. Hence, the sum concentration of CPBS in the apical medium supplemented with bile was 0.24 mM. The relative transport of the single CPBS through the layer of IEC did not differ significantly from that measured in experiments with 0.5 mM and 1.5 mM CPBS or the pooled bile (Fig. 4) .
CPBS Micelles: Formation in Aqueous Solution and Adsorption of Endotoxin.
Already at concentrations as low as 50 mol/L, CPBS formed micelles with an average diameter of 134 Ϯ 6.8 nm (n ϭ 8) (Fig. 5A) . The diameter of these micelles did not change significantly with increasing concentrations of CPBS (125 Ϯ 8.5 nm at 1.5 mM, n ϭ 8).
In the absence of CPBS, solubilized FITC-labeled endotoxin and octadecyl rhodamine B did not colocalize. Therefore, no fluorescence resonance energy transfer from FITC-labeled endotoxin (and therefore no emission of octadecyl rhodamine B at 584 nm) occurred (Fig.  5B) . First after the addition of micelleforming CPBS, a colocalization of the FITC-labeled endotoxin and octadecyl rhodamine B took place, enabling fluorescence resonance energy transfer from endotoxin-bound fluorescein to octadecyl rhodamine B. This resulted in an increase in fluorescence of octadecyl rhodamine B (emission maximum at 584 nm), which is dose-dependent on the concentration of CPBS (Fig. 5B) .
Inhibition of TNF-␣ Release in PBMC by Exposition to CPBS and Phosphatidylcholine. Basal production of TNF-␣ by PBMC after lipopolysaccharide stimulation was 1220 Ϯ 72 pg/mL (unstimulated cells, 29.5 Ϯ 2.7 pg/mL; both values corrected for DNA of vital cells). An increasing concentration of CPBS in the incubation medium resulted in a dose-dependent decrease of TNF-␣ production by PBMC through lipopolysaccharide stimulation (Fig. 6) . The half-maximum inhibitory dose was calculated to be 169 M. Phosphatidylcholine in the incubation medium did not affect the production of TNF-␣ significantly (data not shown).
DISCUSSION
In the applied model, Caco-2 cells formed a confluent, differentiated, and polarized cell layer with tight junctions, desmosomes, and microvilli (28), the suitability of which for permeability studies was demonstrated previously (29) . As found in former experiments (16, 17) , apical stimulation of Caco-2 cells by nonpathogenic bacteria leads to an enhanced production of cytokines in the basolateral compartment of the coculture model. In parallel with conditions in the intestine, bacteria and leukocytes are separated from leukocytes by a layer of IEC. The leukocytes in this model act as a bioindicator, proving that the permeating amounts of bacterial toxins are sufficient to evoke an activation of human immunocompetent cells. Due to the different phenotypes of mononuclear leukocytes found in the lamina propria and the peripheral blood, the profile of cytokines might rather correspond to that which occurs during sepsis than that occurring during inflammation of the intestine.
For the first time, we conclusively demonstrate in the current study a reduction in permeability of endotoxin through an IEC layer of human origin by CPBS, without the collateral influence of other organs, such as the liver. The primary bile salts of cholic acid and chenodeoxycholic acid are formed in the liver and are conjugated to either gly- cocholic acid, glycochenodeoxycholic acid, taurocholic acid, or taurochenodeoxycholic acid. In healthy subjects, these four CPBS comprise between 75 and 90 molar percentage of the bile salts in bile from the gallbladder, making them dominant components of the bile acid fraction in this organ (30, 31) . Both the absolute concentrations and the concentration ratios of the single CPBS applied in the current study can be presumed to correspond to those occurring in the jejunum and ileum of humans (32) (33) (34) .
Animals with bile duct ligation develop both an endotoxemia and high levels of circulating TNF-␣ and IL-6 (6, 13). Inactivation of endotoxin with bactericidalpermeability-increasing protein (35) or with polymyxin B (36) improved mortality and morbidity in bile duct-ligated rats. Hence, from animal models of obstructive jaundice, a causative role of endotoxin in postoperative complications can be concluded. This hypothesis is confirmed by experiments with bile-deprived rats with a chronic cannulation of their common bile duct, showing a considerable intestinal endotoxin translocation (37), which was reversible by oral supplementation with both conjugated and nonconjugated bile salts (38, 39) .
Although some authors suggest that the presence of bile or (nonconjugated) bile salts, per se, avoids transmigration of endotoxins through the epithelium (4, 40, 41) , others believe that the filter function of Kupffer cells is the crucial factor in the prevention of systemic endotoxemia (13) . However, in the current study, a significant reduction of both the permeability of endotoxin through IEC and the production of proinflammatory cytokines by leukocytes after addition of bile and its components became evident. Therefore, an alleviation of endotoxemia and modulation of endotoxemia-associated inflammation by luminal presence of compounds from bile seems likely. This effect can be enhanced by prevention of intestinal overgrowth with Gram-negative bacteria (42) . Hence, the supplementation of bile components seems useful also in other stages of clinical care that are prone to an elevated translocation of bacteria or endotoxins, namely, total parenteral nutrition (43) , postoperative state of heart surgery (44), alcohol-induced liver disease (45) , or endotoxemia itself (46) .
From the current data, the mechanism underlying the permeability inhibition for endotoxin by bile salts is due to the incorporation of endotoxin into the CPBS micelles. The anchoring of the lipopolysaccharides on the micelle surface seems to parallel the noncovalent anchoring of the endotoxin molecule in the lipid bilayer membrane of the outer bacterial cell wall, which is sufficient to enable the biological functions of endotoxin for Gram-negative bacteria (47) . This incorporation is likely to reduce the concentration of free endotoxins, thereby preventing their permeation through the barrier of IEC. According to the results of the current study, and comparable with other endotoxin-binding molecules such as polymyxin B (36), CPBS micelles "capture" endotoxin molecules, thereby preventing their permeation.
The bile acid-sensitive farnesoid X receptor regulates a number of genes involved in enteroprotection, thereby preventing mucosal injury in ileum and bacterial translocation caused by bile duct ligation (48) . Although the applied bile salts might have evoked activation of this receptor with the consequent regulation of farnesoid X receptor-dependent proteins, neither paracellular permeability of nonamphiphilic macromolecules (dextran Mr 4400) nor TEER were affected by CPBS, phosphatidylcholine, or bile. Therefore, an altered expression of proteins maintaining the intestinal barrier, such as tight junction proteins, might contribute only little to the observed effects of bile components, at least during the first few hours after stimulation in cocultures of human IEC and leukocytes. Nevertheless, some long-term farnesoid X receptor-mediated effects might be of importance for intestinal integrity (48) .
Phosphatidylcholine synergized with CPBS in the reduction of inflammatory cytokine production. Phosphatidylcholine was shown to be effective in the treatment of both ulcerative colitis (49) and alcohol-induced liver disease (50), the development of which has been associated with an increased intestinal permeability of endotoxins (45) . However, this effect is mediated by direct phosphatidylcholine-leukocyte interaction, as evident from the experiments with leukocytes challenged directly with endotoxin in the presence of phosphatidylcholine. How phosphatidylcholine mediates this effect needs attention in future studies.
The presence of proinflammatory cytokines such as TNF-␣ and IL-8 is detrimental to the integrity of the intestinal epithelium (18) . The production of these cytokines in the present model might therefore be, at least in part, responsible for the significant decrease in TEER after bacterial challenge of the IEC, which indicates a loss in epithelial integrity. On the other hand, even in experimental conditions in which the shedding of these cytokines is abolished or at least strongly reduced (1.5 mM CPBS ϩ phosphatidylcholine), both the TEER and the permeability of dextran Mr 4400 fail to improve compared with the control experiments. Therefore, the integrity of the IEC layer, which has been suggested to play an integral role in the development of endotoxemia in obstructive jaundice (40), seems not to be a major regulating factor for the transmigration of endotoxins in the current model.
In parallel with previous studies (51), the Caco-2 cell layer in the actual study transported conjugated bile salts from the apical into the basolateral compartment, leading to a direct contact of the CPBS with the leukocytes. A reduced production of inflammatory cytokines (IL-6, TNF-␣) by monocytes after addition of non-CPBS to endotoxin-stimulated monocytes was reported (24) . Evidently, CPBS can also effectively reduce activation of PBMC, which were directly stimulated with endotoxin. However, endotoxin-induced activation of leukocytes in the coculture model occurs during a time period when only very low concentrations of CPBS are present in the basolateral compartment (Ͻ5 M CPBS at 6 hrs). Therefore, only a minor part of the reduction in TNF-␣ production after 12 hrs can be explained by a direct immunosuppressive effect of the CPBS. The very close correlation between basolateral concentrations of endotoxin and cytokines supports the assumption that the reduction of endotoxin permeability through the IEC layer is the most important regulating factor of inflammatory cytokine production beyond the intestinal barrier.
CONCLUSION
Both CPBS and lecithin synergize in suppression of inflammation in the intestine, an effect that is at least in part due to capturing bacterial toxins and thereby preventing their permeation through the intestinal barrier.
